The microstructure of denticles in paired extant and fossil specimens of Callinectes Stimpson, 1860, and Scylla de Haan, 1833, is examined and compared to the cuticle from the remainder of the claw. Denticles of Scylla serrata and Callinectes sapidus are differentiated from the surrounding cuticle by differences in the number of pore canals, tegumental canals, density, microhardness, and phosphorous content. Differentiated denticles can be observed in fossil Scylla and Callinectes on the basis of structure and phosphorus content. Increased hardness of denticle-type cuticle functions to resist abrasion encountered during durophagy and to resist the high forces generated by the denticles as a result of their geometry. Infolds along the lateral margins of the denticles are hypothesized to allow denticles to develop beneath the old cuticle before the molt, and then to emerge and expand after the molt. Future chemical and mineralogical work involving crustaceans should take into account the presence of denticle-type cuticle and not treat the cuticle of chelae as homogeneous tissue. Because denticle-type cuticle can be recognized in the fossil record, the emergence, variation, and phylogenetic trends of this adaptation can be tested. The increased calcification of claw tips and denticles may make them even more durable than the chelae.
INTRODUCTION
Fossil and living crabs often have unusually dark-colored cuticle adorning the claws, especially the tips. The distinct color, luster, and abrasion patterns in these areas suggest a difference in underlying microstructure from the rest of the cuticle. Chelae have received significant study from a mechanical and functional standpoint (Shoup, 1968; Warner and Jones, 1976; Vermeij, 1977b; Brown et al., 1979; Blundon and Kennedy, 1982; Gordon and Wear, 1999; Palmer et al., 1999; Dutil et al., 2000; Sneddon et al., 2000; Taylor, 2000; Taylor et al., 2000; Schenk and Wainwright, 2001; Taylor, 2001) . Morphology of the claw in relation to predator-prey interactions and escalations has been examined (Vermeij, 1977b; Vermeij, 1977a; Zipser and Vermeij, 1978) . Lamination geometry and nature of the cuticular microstructure of the denticles, however, has received no attention. The purpose of this paper is to explore the microstructure of denticles in paired extant and fossil specimens of Callinectes Stimpson, 1860, and Scylla de Haan, 1833, and to contrast the nature of denticle-type cuticle with cuticle from the remainder of the claw. In addition, the functional morphology, cuticular laminations, geometry of the denticles, and observations on the preservation of fossil cuticle will be explored using the same paired fossil and extant material.
Crustacean cuticle is typically divided into four layers, see reviews of decapod cuticle by Travis (1960) and Roer and Dillaman (1984) . The thin, uppermost epicuticle layer lacks chitin, is tanned, and is impregnated with Ca-salts. The thicker, underlying exocuticle layer is also tanned and impregnated with Ca-salts, but it is infused with chitin. These are the two outermost layers, and they are secreted in the premoult stage. The thickest layer, the endocuticle, also contains chitin, is hardened with Ca-salts, and is not tanned. The membranous layer is essentially a thin uncalcified layer at the base of the endocuticle and directly overlies the hypodermis.
From a phylogenetic perspective, denticle construction and microstructure offer the possibility of providing useful phylogenetic characters that are potentially recognizable in fossil and extant decapods. The functional significance of denticles is evident as they are integral to the function of the chelae, the main food gathering apparatus of decapods. Examination of the decapod fossil record (Glaessner, 1969; Förster, 1985) , along with experimental taphonomic studies (Plotnick et al., 1988; Mutel et al., 2004; Stempien, 2005) have shown that claws, due to their increased levels of calcification, are more likely to be preserved than other parts of the exoskeleton. Understanding the nature of preservation along with the factors involved in non-preservation is important for taphonomic, taxonomic, and paleoecologic studies.
MATERIALS AND METHODS
The two portunids, Scylla serrata Forskål, 1775, and Callinectes sapidus Rathbun, 1896, were chosen for this study because of the commercial availability of extant specimens and availability of closely related fossil analogs that could be destructively sampled (Fig. 1) .
Extant specimens of Callinectes sapidus were obtained live-frozen from a commercial fishmonger in Maryland. Fossil Callinectes sp., Pleistocene in age from the Bermont Formation in Okeechobee County, Florida, USA, were obtained from the Florida Museum of Natural History (UF 101438 and 101415).
Extant specimens of Scylla serrata were obtained through a commercial source in Guam, United States Territory. Fossil specimens of Scylla serrata were collected in Guam by P. Scott-Smith as float from beaches along the Orote Peninsula. They are thought to represent transported Late Pleistocene material excavated during dredging of Apra Harbor (Schweitzer et al., 2002) .
Extant specimens of both species were preserved and dehydrated in ethanol. To prepare thin sections, fingers from the fossil and extant sample lots were air dried at 408C, embedded in Buehler Epo-Thin epoxy, and allowed to cure at room temperature. Standard thin section techniques were employed producing sections of various orientations. Sections were ground and polished to approximately 30 lm in thickness. A petrographic polarizing microscope was used to observe and photograph the sections.
To determine the internal density, chelae from extant specimens of Callinectes and Scylla were CT scanned in a Stratec Research M QCT CT scanner with a resolution of 0.07 mm (voxel) housed at the Northeastern Ohio Universities College of Medicine. Raw image stacks produced by the scanner were imported into NIH Image-J and adjusted for brightness and contrast.
Microhardness was measured using a Leitz Durimet microhardness tester equipped with a Vickers diamond, housed in the Kent State University Department of Geology. Accuracy of the microhardness tester was checked using a standard test block between samples. Callinectes sapidus samples were thawed, de-fleshed, rinsed in water and air-dried. Scylla serrata was obtained in a dry state. Errors associated with preparation will be discussed with the microhardness results. Samples of both genera were further prepared by embedding the fingers in epoxy, grinding the surfaces flat, and polishing using 3 lm diamond paste. Indentations were made more visible under the microscope by applying a blue Sanford Ò Sharpie Ò permanent marker to the surface and immediately removing remaining residue, before making the indentations. All tests were made using a load of 50 grams for 15 seconds. Indentation measurements were made immediately after the diamond was removed from the surface. Vickers hardness numbers (VHN) were calculated by averaging measurements of the lengths of the two diagonals created on the surface by the pyramidal diamond indentation. The Vickers hardness could then be calculated using the formula from Craig and Vaughan (1994) . Energy dispersive X-ray (EDS) chemical dot-maps were made using a FEI Quanta 200 SEM equipped with a EDAX brand EDS detector housed in the University of Akron Department of Geology. Thin sections were polished to 1 lm and mounted in the SEM uncoated. An acceleration voltage of 25 KV was applied.
X-ray diffraction was performed with a Rigaku powder diffractometer using a Cu target and acceleration of 45 KV at 35 mA in the Kent State University Department of Geology. Samples from the denticles and the non-denticle parts of the claw were dried, powdered, placed on glass slides with a shallow depression, and scanned from 3-708 2H at 28 2H a minute. To determine the Mg content of the calcite, powdered NaCl was added to the powdered samples as an internal standard, and samples were stepscanned in 0.01 increments from 26.75-338 2H with a dwell time of four seconds. Resulting spectra were corrected for 2H using the d (111) and d (200) NaCl peaks. Mole percent MgCO 3 was calculated from the equation x ¼ y À 3.035/À0.0033 (x ¼ % mole MgCO 3 , y ¼ degrees 2H) produced from the data in Goldsmith et al. (1958) who showed a linear relationship of calcite lattice dimensions and MgCO 3 content.
RESULTS

Microstructure
The cuticle forming the denticles of chelae from the extant material is observed to be distinctly different from nondenticle cuticle in specimens of Callinectes sapidus ( Fig. 2A) and Scylla serrata (Fig. 2F) . Under planepolarized light, the most significant differences between the denticle-type cuticle and the cuticle comprising the fingers in extant specimens of Callinectes is the increased opacity of the denticle-type cuticle ( Fig. 2A, B) . This opacity appears to result primarily from an increase in the number of filled pore canals (Fig. 2B, C) . The pore canals are filled with a dark material that creates a more diffuse, dark appearance within the cuticle (Fig. 2C ). These areas of opacity are concentrated in the denticles but can also A-E, Photomicrographs of extant Callinectes sapidus; A, longitudinal section of a denticle, plain polarized light (PPL), ''a'', infolding of cuticle at denticle margin, scale bar equals 0.5 mm; B, close-up of denticle-type cuticle transition, denticle cuticle is in upper left, crossed polarized light (XPL); C, closeup of twisted pore canals, scale bar equals 10 lm, PPL; D, closeup of smooth tegumental canals, scale bar equals 10 lm; E, close up of ''Archimedes screw'' tegumental canal, scale bar equals 10 lm; F-I, photomicrographs of extant Scylla serrata denticles on manus of crusher chela; F, longitudinal cross-section of two merged denticles, note truncated laminations on top surface, ''a'' box is region of figure 2G , ''b'' arrow points to exocuticle between merged denticles, scale bar equals 1 cm; G, junction between denticles with region of non-denticle cuticle (darker center region), ''a'', exocuticle, ''b'', arrow points to infolding of cuticle forming margin between denticles, XPL; H, region at base of tooth which forms tangential section. Note polygons formed from darker material. Arrows point to tegumental canals, scale bar equals 0.1 mm, PPL; I, close up of ''Archimedes screw'' tegumental canal, PPL, scale bar equals 10 lm.
be found in isolated patches interspersed within the claw. Opaque areas appear to be formed by sheets of pore canals extending normal to the surface and oblique to the section (Fig. 2B) . In sections of standard thickness, denticle-type cuticle does not markedly change in appearance when observed under crossed-polarized light. Conversely, the non-denticle cuticle exhibits strong birefringence. The filled pore canals and general opacity in the denticle-type cuticle appear to mask the birefringence. Thin sections ground to less than the standard 30 lm thickness allow birefringence to be detected in the denticle region. Under crossed polarized light, non-denticle cuticle shows broad regions of extinction (Fig. 2B ). Denticles exhibit less coordinated extinction. It is unclear if the denticles truly have less alignment of crystal bodies or if this is an artifact of closer packing of small crystals.
The correspondence of the filled pore canals with the denticle-type cuticle in Callinectes sapidus is not as apparent in Scylla serrata. Unlike Callinectes, the pore canals in Scylla are not as visible in the denticle-type cuticle (Fig. 2G ). Filled pore canals such as those of Callinectes are present in some areas of the non-denticle cuticle of Scylla serrata and are comparatively absent in others. This apparent inverse relationship of the pore canals with the denticle-type cuticle in Scylla would suggest that the filling, or density, of the pore canals is not the only factor controlling differentiation of the denticle-type cuticle.
An increase in the number of tegumental canals can generally be seen in the denticle-type cuticle of both genera examined. However, some denticles appear to have no tegumental canals, but it is unclear if this is based on the true distribution of the canals or an artifact of section location or preparation. Tegumental canals are differentiated from the smaller pore canals purely on the basis of size (Dennell, 1960) , and they appear in two morphologies. One form is a smooth sided tube (Fig. 2D ), whereas other tegumental canals are cylindrical with helical projections like that of an Archimedes screw (Fig. 2E, I ).
In one sample of Scylla, which was sectioned off the center of the denticle in such a manner as to produce a section normal to the path of the tegumental canals, cuticular prisms were observed with a tegumental canal present in the center of most prisms (Fig. 2H ). Prisms were not observed in Callinectes sapidus.
In both Scylla and Callinectes, laminations clearly continue across the denticle/non-denticle cuticular junction (Fig. 2G ). Both genera exhibit moderate to sharp folding or herringbones of the laminations within the denticles (Fig.  2B ). Presence of this convolution of the laminations is not limited to the denticles, but it is clearly more pronounced within denticles of both genera.
Geometry and Distribution of Denticle-Type
Cuticle in Extant Specimens Denticle-type cuticle in both Scylla and Callinectes fills the emergent portion of the denticles and then tapers within the finger toward the hypodermis ( Fig. 3A-E ). Sections cut normal to the center of a denticle reveal that the denticle-type cuticle extends throughout the cuticular thickness (Fig. 3A , C-E). Oblique sections, or those not centered on the vertical axis of the denticle, appear to contain denticle-type cuticle that does not fully extend to the base of the cuticle (Fig. 3B ). This ''floating'' denticle-type cuticle is an artifact of section location. Multiple thin sections and CT scans through both Callinectes and Scylla chelae show that denticle-type cuticle in each denticle always extends to the hypodermis. Boundaries between the non-denticle and denticle-type cuticle follow the same path of the pore canals normal to the laminations. The distribution of denticle-type cuticle, as observed in CT scans, shows that distally the entire tip of both the fixed and movable fingers are completely composed of denticle-type cuticle.
Lamination Geometry
Orientation of cuticular laminations within the denticles of both Scylla serrata and Callinectes sapidus have been examined optically. Thin sections were concentrated in the proximal denticles (closest to the point of articulation), but a limited number of more distal sections suggest that the same general pattern is followed distally on both the fixed and movable finger of both cutter and crusher claws. Cuticular laminations generally extend parallel, or subparallel, to the exterior surface of the cuticle (Fig. 3A-E) . Laminations may deviate from this parallel to sub-parallel path on the lateral margins of the denticles where the cuticle is invaginated (Fig. 3A-B, E, D) . Invaginations of the cuticle are made apparent not only by the radical change in lamellar orientation, but also by presence of exocuticle within the endocuticle (Fig. 2B, G) . The epicuticle could not be clearly resolved in the prepared sections; thus, it is unclear if the epicuticle also follows, and is present within, the invaginations. These infolds sometimes mark the location of the boundary between denticle/non-denticle type cuticle but do not do so consistently, suggesting that they are not necessarily physiologically related to the differentiated cuticle. Although the exocuticle and part of the endocuticle are sharply infolded, the lamellar folds are attenuated deeper within the endocuticle, showing little sign of the sharp surficial folding.
Extant specimens of Callinectes sapidus and Scylla serrata have little, if any, epicuticle remaining on the denticular surface. Specimens of Callinectes and Scylla are typically missing the entire exocuticular thickness at the apex of the denticle, with progressively more present near the base of the denticle ( Fig. 2A, F) . Specimens of Scylla, especially on the dominant chelae, are significantly abraded to the point where the entire exocuticle and parts of the endocuticle are absent (Fig. 2F) . Endocuticular laminations are clearly crosscut by this abrasional surface, confirming that these missing layers are lost as a result of abrasive forces during the life activity.
Cuticular Density CT-scans of the extant chelae offer the capability to map the internal density in three-dimensions. The CT-scans of both genera show a sharp density increase in the denticle regions (Fig. 3F, I ). Distally, the region of increased density envelops the whole tip of both the movable and fixed fingers. This difference in density is sharp and is consistent with the denticle and non-denticle-type cuticle transitions observed in thin section. Polished sections of both genera, when observed under the SEM or reflected light, seem to corroborate this increased denticle density.
The denticle-type cuticle can be observed to achieve a better polish due to the comparatively reduced pore space of the denticles, similar to that observed by Plotnick (1990) . Fig. 3 . A-C, cartoons of lamination geometry in Callinectes sapidus, grey regions represent denticle-type cuticle; D-E, cartoons of lamination geometry in Scylla serrata, grey regions represent denticle-type cuticle, thick black line represents exocuticle; F-I, CT scans of Callinectes sapidus and Scylla serrata, light regions are the most dense. Denticles are clearly delimited by their density; F, Proximal slice of C. sapidus. Note that denticle on lower claw appears not to be in contact with the base of the cuticle (see text); G, more distal denticle of C. sapidus; H, crushing denticle of Scylla serrata; I, more distal denticle of S. serrata.
Mineralogy
Powder X-ray diffraction of denticle and non-denticle cuticle from extant specimens of Scylla serrata and Callinectes sapidus produced nearly identical diffractograms for calcite. X-ray diffraction techniques only resolve crystalline phases within detection limits of the instrument. Crustacean cuticle has been reported to contain amorphous phases of calcium carbonate and calcium phosphate (Richards, 1951; Becker et al., 2005) that would have been undetectable with the methods employed. Resultant diffractograms therefore only suggest that the crystalline phase present in the denticle and non-denticle regions is calcite.
Additional, slower diffraction runs were made with an internal standard of NaCl to determine the precise location of the calcite d (104) peak that can be used to determine the amount of MgCO 3 present in the calcite (Goldsmith et al., 1958) . We did not calculate the unit cell, as described by Goldsmith et al. (1958) , but instead used the calcite d (104) peak. Goldsmith et al. (1958) reported their maximum error to be 2 mole % at 50% MgCO 3 and ''lesser errors toward CaCO 3 ''. This method seems to be fairly accurate for synthetic carbonates, but Bischoff et al. (1983) suggested that the errors may be over 5 Mole % for biologically produced magnesium carbonates. Although the exact relationship between our reported values (Table 1) and actual Mg content cannot be determined, the differences in lattice spacing based on our calcite d (104) peaks suggest that the mineralogical structure of decapod cuticles differ and the mineralogical composition varies along the CaCO 3 -MgCO 3 solid solution series.
Microhardness
Microhardness, more specifically micro-indentation hardness testing, has been applied to the cuticle of a number of arthropod groups Hillerton et al., 1982; Abby-Kalio, 1989; Melnick et al., 1996; Schofield et al., 2002) . Complications involved in microhardness testing of biological tissues, including moisture content and preservation methods, have been examined (Currey, 1976; Hillerton et al., 1982; Schofield et al., 2002) . The method does provide one standard way to quantify differences in observed hardness. However, possible offsets from the actual values present on extant organisms in their natural state are possible as a result of preservation and preparation techniques. We used microhardness measurements of the denticle and non-denticle regions of the chelae to test the hypothesis that the increased density of Ca-salts in the denticle-type cuticle corresponds to a concomitant increase in denticle hardness. The crusher claw of the extant specimen of Callinectes sapidus tested had a mean Vickers Hardness Number (VHN) of 252.8 6 35.6 (Std. Deviation) for the denticles and VHN 64.0 6 18.1 for the non-denticle regions of the endocuticle. The extant specimen of Scylla serrata had been preserved and dried for a number of years, so the hardness values may be further offset; our reported values should only be used in a relative sense. The denticle-type cuticle of Scylla was measured at VHN 213.1 6 12.7 and the nondenticle endocuticle of the finger at VHN 83.2 6 9.0. The denticles of both genera are significantly harder than the non-denticle regions of the cuticle. For comparison, Currey (1976) examined 14 gastropods and 17 bivalves and found the hardness to range from VHN 106-298.
Geometry and Distribution of Denticle-Type Cuticle in Fossil Material
Fossil specimens of Scylla serrata and Callinectes sp. were sectioned to see if denticle-type cuticle is recognizable upon fossilization. As is common in decapod fossils, the cuticle was missing much of the exocuticle . Pore canals are recognizable in both fossil genera examined, but are not as well defined as those in the extant specimens (Fig. 4A, C) . Tegumental canals could not be definitely located within the preserved material, possibly due to the lack of preserved pigment to provide contrast with the canals of the extant material. Generally, cuticular laminations are visible but are somewhat less well-defined than those observed in the corresponding extant material. Laminations are obscured to a further degree in the denticle-type cuticle of the fossil preparations (Fig. 4B, D ) than in their extant congeners. Denticle-type cuticle, like that observed in the extant material ( Fig. 2A, B , F, G), is clearly differentiated and forms a generally sharp boundary with the surrounding cuticle. In both genera, denticle-type cuticle takes on a more granular appearance. Small opaque granules appear interspersed in the denticle-type cuticle of Callinectes ( Fig. 4D ) and more locally in Scylla (Fig. 4B) . In the sole sample of Scylla available for destructive sampling, the outer surface of the denticle-type cuticle has been locally recrystallized. This recrystallization is concentrated at the junction with the non-denticle cuticle located at the lateral margins of the denticle (Fig. 4A-B) . Cuticle from fossils in both genera appears to exhibit some minor alteration. Cuticle on the non-occlusal underside of the fingers in Callinectes and Scylla is not entirely calcified. In the extant specimens, these non-calcified areas can be observed as patches of non-birefringent material under cross-polarized light. In the paired fossil specimens, similar regions are observed. In the case of the fossil cuticle, the non-calcified regions are represented by voids (Fig. 4A ) in the case of Scylla. Some voids remain empty, but others are partially or completely in-filled with a fibrous to bladed syntaxial cement.
Distribution of Phosphorus in the Denticles
EDS analysis of the denticle/non-denticle transitions shows that the denticles contain less phosphorous than the surrounding cuticle of the chela (Fig. 5) . The phosphorus dot maps show that this transition is sharp and corresponds to the transitions seen in both the light microscope and CT scans. This distribution was also discovered in fossils of both genera, although the transition is more gradational (Fig. 5) . The decreased levels of phosphorus may be due to the increased Ca-salt density in the denticles, reducing available space for the organic component of the cuticle. An Fig. 4 . A-B, Photomicrographs of fossil Scylla serrata, transverse section; A, Crushing denticle of the movable finger, ''a'' arrow indicates transition from denticle (top) to non-denticle cuticle transition (bottom), PPL, ''b'' regions of non-preserved cuticle; B, close-up of denticle to non-denticle cuticle, XPL, ''a'' region of recrystallized cuticle; C-D, Photomicrographs of fossil Callinectes sp., transverse section; C, crushing denticle. Note abraded top surface, ''a'' arrow indicates transition from denticle-type cuticle to non-denticle cuticle on the right side; D, close-up of denticle-cuticle transition. Denticle-type cuticle is on the right. Note the granular texture of the denticle cuticle.
increase in Ca-salts often corresponds to decreased protein content of the cuticle (Travis, 1960) . Conversely, decreased phosphorus levels could also represent a changing distribution of the non-crystalline component of the denticles. An increase in the amount of phosphorous was found in the exocuticle of Callinectes and can be seen in areas of the chemical dot-map where present (Fig. 5C) . A similar increase in the phosphorus content of the fossil and recent specimens of Cancer was observed by Teigler and Towe (1975) . Presumably the increased levels of phosphorus found in the outer layers of a stomatopod correspond to the exocuticle. Plotnick (1990) demonstrated increased levels of phosphorus in the fingers of crabs as compared to the dorsal carapace. Richards (1951) reported increased phosphorus levels in the chelae of lobsters as compared to the dorsal carapace. Without knowledge of the exact sample location of the above-mentioned chemical analyses, it is difficult to interpret the results based on the hererecognized inhomogeneities of chemical gradients within the chela.
DISCUSSION Overview
To the best of our knowledge, this work represents the first report of internally differentiated cuticle forming the denticles on crab chelae. The mechanical properties of black-colored cuticle on the surface of Cancer claws has been described (Melnick et al., 1996) . Also, the observation of Plotnick (1990) that the exterior portions of chelipeds took a better polish than interior regions seems relevant. Exterior differentiation, especially black claw tips in the xanthoid crabs, has been widely observed and used as a taxonomic character (Karasawa and Kato, 2003; Š tevčić, 2005) . Our results show that the cuticle of the denticles is further differentiated and easily recognizable in both fossil and extant material based on microstructure and not merely surficial color. Fig. 5 . A-D, EDS dot maps for phosphorous in denticles of fossil and extant Scylla and Callinectes. First row of photomicrographs with boxes indicates region of secondary electron SEM micrographs in second row, and phosphorous dot-maps in the third row, ''dc'' ¼ region of denticle cuticle. Increased density and darker color in dot maps (bottom row) indicates higher levels of phosphorous; A, extant Scylla serrata, note detector fall off in lower right corner; B, fossil Scylla serrata, note detector fall off in lower right corner; C, extant Callinectes sapidus; D, fossil Callinectes sp.
Recognition of Denticle-Type Cuticle The most diagnostic and consistent character of the denticletype cuticle is the increased relative density as observed in CT-scans. Elevated density of the denticle-type cuticle, within an almost completely calcified chela, suggests a dramatic local increase in the amount of Ca-salts within the matrix of the cuticle, which would indicate a decrease in organic content (Travis, 1960) . It should be noted that the entire chela is more heavily calcified than the dorsal carapace, at least in Callinectes (Mutel et al., 2004) . When polished surfaces are observed under reflected light or with an SEM, the denticle-type cuticle can be seen to produce a higher and more uniform polish. The non-denticle cuticle exhibits a higher porosity resulting in a pitted surface. Under transmitted light, it is harder to generalize the features that make denticle-type cuticle distinguishable from that of the rest of the cuticle, although the denticle-type cuticle can be optically differentiated. Additionally, waviness of the denticular laminations and an increase in tegumental canal density can often be recognized in the denticle-type cuticle. Our results suggest that the major difference between the denticle-type cuticle and non-denticle cuticle is simply the degree of calcium salt impregnation.
Nature of Denticle-Type Cuticle
A functional denticle is the result of a complex interplay between geometric construction of the cuticular laminations, final shape of the denticle, phases of mineral formation, the amount of protein within the chitin, and the amount of sclerotization. The degree to which the arthropod cuticle bauplan allows these factors to alter the cuticle as a whole, or to alter specific layers individually, controls the extent to which specific cuticular layers contribute to the final, functioning denticle. This general observation should apply to other arthropod structures formed from the integument. For instance, the exocuticle and certainly the epicuticle has generally been lost due to abrasion in the denticles we observed. The exocuticle is thin even in areas that were not significantly abraded, suggesting that the epicuticle and exocuticle do not play a significant role in the function of the denticle. The opposite seems to be true in the smashing limbs of the stomatopods that maintain an intact exocuticle capable of withstanding repeated blows .
Given these complications of cuticular construction, we do not propose that all crustaceans form denticles in the same fashion. Rather, denticles may often be physically differentiated, and this differentiation can be preserved in the fossil record. Further study of additional taxa will allow typologies of denticle construction to be generated and further construction details to emerge. We have not yet studied the black tips common to the xanthoid crabs, but it is probable that a different functional system to harden the cuticle may be present.
The strategy of differential hardening in regions of the cuticle that function more efficiently by increased strength properties has been accomplished in insects by the addition of metals in the cutting surface of mandibles (Fawke et al., 1997; Schofield et al., 2002; Schofield et al., 2003) . Schofield (2001) did not find heavy metal concentration in the mandibles of the decapod species examined. We could not observe signs of metal enrichment in the denticles with the techniques applied.
Stomatopods harden the dactyl of their smashing or spearing limbs . Currey et al. (1982) found that hardness of the cuticle increased toward the outer surface of the cuticle and corresponded to an increased level of phosphorous, probably due to impregnation by calcium phosphate. The exocuticular portions of the stomatopod cuticle were not as hard as we observed in the denticles mostly composed of exocuticle. This would lead us to believe, in combination with an inverse relationship of phosphorous to hardness of the denticles in our crab samples, that the hardened cuticle of the stomatopod is only surficial, and the process differs from the strategy that we observed in the denticles.
The crustacean exocuticle is typically reported to be at least partially hardened by tanning (Dennell, 1947) . The endocuticle is putatively not tanned but hardened by the accumulation of Ca-salts. The exocuticle of occlusal surfaces has been abraded in all samples of Callinectes and Scylla examined, suggesting that a tanned exocuticle does not play a significant role in the function of the denticles. The increased density of tegumental canals has often been associated with regions of the decapod cuticle subject to increased rates of abrasion possibly related to their role in tanning of the cuticle (Dennell, 1960) . Claws experimentally exposed to 10% HCL were completely softened, suggesting the calcium salts were the sole factor in providing the stiffness component of the cuticle. Had the endocuticle been hardened extensively by tanning, those regions would have remained rigid after the acid treatment. The role the tegumental glands play in the denticle-type cuticle must, therefore, be questioned. These observations, along with the increased density of the denticles as observed in CT scans, would suggest a predominantly inorganic causation for the increased hardness observed in the denticles. Further work on the denticle-type cuticle identified here is clearly needed. The specifics of the cuticle ultrastructure, organic structure, and inorganic phases of the denticle remain undescribed.
Given the differences in hardening strategies and complexities of the arthropod cuticle, when conducting sampling routines, the location of samples must be chosen carefully and the exact locations reported. Denticles, claw tips, and different cuticular layers will clearly influence analytic results; therefore, sample locations must be standardized if meaningful comparisons are to be made.
Functional Analysis
From a functional standpoint, the increase in hardness of the denticles is easily explained, as the chelae are the main food gathering and defensive organs of the Decapoda. Although hardness may not be a perfect proxy for abrasion resistance, it is highly correlated (Taylor and Layman, 1972; Currey, 1976; Wainwrite et al., 1982) . The need for abrasion resistance of the denticles is therefore readily apparent, especially in durophagous crabs the crabs selected for our study; Scylla (Hill, 1976; Williams, 1978) and Callinectes (Junz, 1947; Tagatz, 1968; Hamilton, 1976; Blundon and Kennedy, 1982) , both consume significant quantities of hard-shelled mollusks. Experimental evidence shows that crabs with abraded denticles exhibit an increase in the time needed to open mollusk shells (Juanes and Hartwick, 1990) . A loss of feeding efficiency is clearly a negative selection pressure and an evolutionary selection in favor of abrasion resistant denticles would clearly exist. In addition, teeth or denticles provide reduced surface area to concentrate forces applied to food or other animals. This concentration of forces necessitates that denticles must be constructed of a material able to withstand these increased forces.
The functional significance of lamellar infolding along the lateral margins of the denticles is not apparent from the mechanics of tooth function. It is hypothesized that these infoldings fill the need of decapods to secrete a new cuticle beneath the old cuticle, and yet the new cuticle must be capable of expanding to a size larger than the existing exoskeleton. The infolds might allow the denticles to ''fold out'' when the post-molt cuticle is expanded immediately following ecdysis. The increased waviness of the laminations observed in the denticles of Scylla and Callinectes may be the result of cuticle that has not been stretched to its maximum allowance due to geometry of the chelea.
Taphonomy
It has been widely hypothesized (Glaessner, 1969; Bishop, 1986; Stempien, 2005) but not fully documented that cuticle of the chelae is more heavily calcified than other parts of the decapod exoskeleton. Recently the calcification density of Callinectes sapidus chelae has been mapped using CT scans and has been shown experimentally that increased calcification corresponds to the increased preservation potential of the fingers that is commonly observed (Mutel et al., 2004) .
The heavy calcification observed in the chelae of Callinectes (Mutel et al., 2004) and Scylla (this paper) is consistent with the general observation that claws dominate the decapod fossil record (Glaessner, 1969; Foerster, 1985; Agnew et al., 1999; Agnew et al., 2001; Stempien, 2005) . The fact that the denticle-type cuticle and finger tips in these genera appears to be even more heavily calcified than the remainder of the finger would explain their preservation and also the clear differentiation from the surrounding cuticle even after fossilization. It is hypothesized that the heavily calcified denticle-type cuticle is even more resistant than other parts of the already heavily calcified chelae. The small size of the cuticular regions with denticle-type cuticle, if other parts of the cuticle have been lost, would allow them to be easily overlooked during collection, especially in deposits that are not being specifically examined for their decapod content. The fossil record of decapods would be richer than it currently is if denticle-type cuticle of the denticles and claw tips were collected and recognized. This sample subset would take the form of isolated denticles that would fall out of the finger (Mutel et al., 2004 ) and tips of the chelae which may prove to be useful from both a taphonomic and phylogenetic standpoint. The tips of the fingers composed of denticle-type cuticle are more likely to be recognizable and taxonomically useful than isolated teeth that may be virtually impossible to identify within sediments. Plotnick et al. (1990) suggested the importance of Mg content of cuticle and its role in preservation. Our data suggest that the calcite present in the claws is mostly highMg calcite, but that the denticles of Callinectes sapidus could be classified as low-Mg calcite. We concur with Plotnick (1988) that more work is necessary before a more general understanding of cuticular mineralogy can be applied to the fossil record.
Phylogenetic Considerations Our ultimate goal in the examination of decapod cuticle is to find and report characters that can be used in taxonomic and phylogenetic frameworks (Waugh and Feldmann, 2003) . Although cuticle of decapods has been examined in both living and fossil taxa, relatively little comparative work has been done on the integument of this rather large group of organisms (Dalingwater and Waterston, 1983; Plotnick, 1990) . As the comparative work begins, the first step is recognition of useful characters, many of which have not been fully described from a neontologic perspective. Our work at this time involves observation of living decapods to build our continually growing modern analog database, which is needed to interpret the large amount of fossil data we wish to incorporate into the decapod phylogeny. This paper serves as a template for the understanding and recognition of structures within the claw and will provide a model for future work that examines a larger array of taxa. Recognition of denticle-type cuticle in fossil material provides hope that cuticular characters present in denticles are preserved and can be applied to phylogenetic analyses of the Decapoda. Chelae and the denticles they contain are so important in the food gathering process of the decapods, and many arthropods in general, that the time, or times, of origination of characters related to them, and their change through time, will provide important insights into the evolution and paleoecology of the Arthropoda.
CONCLUSIONS
Denticles of Scylla serrata and Callinectes sapidus are differentiated from the surrounding cuticle by differences in the number of pore canals and tegumental canals, density, microhardness, and phosphorous content.
Differentiated denticles can be observed in fossil Scylla and Callinectes on the basis of structure and phosphorus content.
Increased hardness of denticle-type cuticle functions to resist abrasion encountered during durophagy and resist the high forces generated by the denticles as a result of their geometry.
Infolds along the lateral margins of the denticles are hypothesized to allow denticles to develop beneath the old cuticle before the molt and then to emerge and expand after the molt.
Future chemical and mineralogical work involving crustaceans should take into account the presence of denticle-type cuticle and not treat the cuticle of chelae as homogeneous tissue.
Because denticle-type cuticle can be recognized in the fossil record, the emergence, variation, and phylogenetic trends of this adaptation can be tested.
The increased calcification of claw tips and denticles may make them even more durable than the chelae. With careful collection these smaller fragments may prove useful.
